Leptophobic Dark Matter at Neutrino Factories by Batell, Brian et al.
EFI-14-13
Leptophobic Dark Matter at Neutrino Factories
Brian Batell,1 Patrick deNiverville,2 David McKeen,3 Maxim Pospelov,2, 4 and Adam Ritz2
1Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago, IL 60637, USA
2Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada
3Department of Physics, University of Washington, Seattle, WA 98195, USA
4Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada
High-luminosity fixed-target neutrino experiments present a new opportunity to search for light
sub-GeV dark matter and associated new forces. We analyze the physics reach of these experiments
to light leptophobic dark states coupled to the Standard Model via gauging the U(1)B baryon cur-
rent. When the baryonic vector is light, and can decay to dark matter, we find that the MiniBooNE
experiment in its current beam-dump configuration can extend sensitivity to the baryonic fine struc-
ture constant down to αB ∼ 10−6. This is significantly below the existing limits over much of the
sub-GeV mass range currently inaccessible to direct detection experiments.
1. INTRODUCTION
A variety of gravitational phenomena strongly sug-
gest the existence of dark matter (DM), which in its
simplest form is a new stable weakly interacting ele-
mentary particle. This has motivated a broad experi-
mental program to detect non-gravitational DM interac-
tions, including direct searches for DM-nucleus scatter-
ing, indirect searches for DM annihilation products, and
accelerator-based searches for missing energy. In recent
years there has been a growing appreciation that fixed-
target experiments provide a complementary approach to
DM detection, with superior sensitivity to light sub-GeV
DM interacting with ordinary matter via a light media-
tor particle. The potential of using high-intensity proton-
beam fixed-target experiments, such as those employed to
study neutrino oscillations, was highlighted and studied
in Refs. [1–3], and a dedicated run in beam-dump mode
to search for DM with the MiniBooNE experiment at
the Fermi National Accelerator Laboratory is currently
underway [4]. More recently, the possibility of using
electron-beam fixed-target experiments to search for DM
has been investigated [5–7]. These proposals are part of
a broader effort to utilize high-intensity electron and pro-
ton fixed-target experiments, as well as high-luminosity
meson factories, to study the physics of DM and more
general hidden sectors (see, e.g. Refs. [8–31]).
The studies of Refs. [1–7] have largely focused on
scenarios in which DM couples to the Standard Model
(SM) through a dark photon, a new massive gauge bo-
son that kinetically mixes with the ordinary photon [32].
The DM thus primarily couples to the electromagnetic
current, leading to a rich phenomenology with multi-
ple probes involving both leptonic and hadronic systems.
Such a model is well motivated on effective field the-
ory grounds since kinetic mixing provides one of the few
renormalizable “portal” interactions, and is viable from
a phenomenological and cosmological standpoint [3, 33].
Moreover, because the electromagnetic current automat-
ically conserves many of the important symmetries (CP ,
parity, flavor), and does not couple to neutrinos, the
resulting DM-SM interaction strength may exceed the
strength of standard weak interactions without immedi-
ately running into strong constraints imposed by flavor
physics and tests of discrete symmetries. However, given
our ignorance regarding the structure of the DM cou-
plings to ordinary matter, it is certainly worthwhile to
explore the phenomenology of alternative models. In par-
ticular one can easily contemplate scenarios in which the
mediator coupling DM to the SM is primarily hadrophilic
and leptophobic, or vice-versa. Such scenarios underscore
the necessity of a broad experimental program making
use of both proton and electron beams.
In this paper we investigate scenarios of sub-GeV DM
in which the mediator couples dominantly to quarks, i.e.
is leptophobic, and as such is uniquely suited for studies
in proton fixed-target experiments. As we will motivate
below, the specific model we consider is based on a lo-
cal U(1)B baryon number symmetry, which, like the ki-
netic mixing portal, is phenomenologically safe since the
corresponding current conserves all approximate symme-
tries of the SM. In this model, the DM is charged under
U(1)B , and the baryonic gauge boson serves as the medi-
ator coupling the DM to the SM. We provide a detailed
treatment of DM production and scattering relevant for
proton fixed-target experiments, and estimate the sensi-
tivity of the ongoing beam-dump run at MiniBooNE [4]
to this model. As we demonstrate, MiniBooNE will have
the capability to cover significant new regions of param-
eter space in this model, with sensitivity to the baryonic
fine structure constant at the level of αB ∼ 10−6.
We begin in Section 2 by describing a low energy ef-
fective theory containing a local U(1)B baryon number
symmetry under which DM is charged. We examine sev-
eral important topics, including gauge anomalies, effec-
tive couplings to hadronic states, cosmology, and existing
experimental constraints. In Section 3 we investigate the
phenomenology of this model at proton fixed-target ex-
periments. We outline the general detection strategy, de-
scribe in detail an improved DM production model, and
provide a general treatment of the DM-nucleon elastic
scattering. Our estimates for the sensitivities achievable
with the dedicated MiniBooNE beam-dump run are pre-
sented in Section 4. Finally, our conclusions and outlook
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2are presented in Section 5. Several appendices contain
additional technical details.
2. LEPTOPHOBIC DARK MATTER AND
GAUGED U(1)B
We are interested in scenarios in which the interac-
tions of light DM, χ, with the SM are communicated
through a new boson that dominantly couples to quarks.
Scalar bosons will generally have suppressed couplings
to the lightest quark generations, implying poor detec-
tion prospects in proton-beam fixed-target experiments.
Thus, in the simplest models of a scalar singlet S, coupled
to the SM via a tri-linear Higgs portal SH†H, one ex-
pects the effective coupling of S to nucleons be O(10−3θ),
where θ is the mixing angle with the Higgs state. Given
that one typically has constraints on θ below the 10−2
level from flavor physics, (see, e.g. [1, 17]), the effective
coupling of S to nucleons does not exceed 10−5, and thus
is very difficult to reach directly.
We therefore focus on a new vector boson with cou-
plings to quarks. Without complicated model building in
the flavor sector, the absence of tree level flavor changing
neutral currents implies that the quark couplings should
be generation independent. Furthermore, to allow renor-
malizable Yukawa couplings of the quarks to the SM
Higgs boson, the charges of the left- and right-handed
quarks should be equal. These considerations lead to a
model containing a vector boson coupled to the baryon
current. The most straightforward realization of such a
scenario is to consider the vector boson, V µB , to be a fun-
damental gauge boson of a local U(1)B baryon number
symmetry [34–46].
As is well known, a model with a local U(1)B symmetry
suffers from gauge anomalies, and therefore must be re-
garded as a non-renormalizable effective field theory with
an ultraviolet cutoff ΛUV [47]. (Our requirement of build-
ing a leptophobic model, as motivated above, prevents us
from extending this gauge symmetry to leptons to cancel
the anomalies via, e.g. U(1)B → U(1)B−L.) The upper
bound on ΛUV can be estimated from the three loop vec-
tor boson self energy diagram and is well above the weak
scale for the mass and coupling parameters explored in
this study. At or below this scale, new states must en-
ter to render the theory consistent at the quantum level,
with the simplest possibility being a perturbative comple-
tion with new chiral fermions that cancel the anomalies.
Such fermions may obtain large masses through Yukawa
couplings to the SM Higgs boson or through couplings
to the spontaneous symmetry breaking sector of U(1)B .
We note that a variety of constructions exist in the liter-
ature for anomaly free UV completions of a local U(1)B
symmetry [34–45]. For a given UV completion, there
will inevitably be additional constraints from high en-
ergy accelerator data. Since our focus in this work is on
GeV-scale phenomenology, the precise details of the UV
completion will not be relevant to our discussion, and we
will therefore focus on a low energy effective theory of a
local U(1)B symmetry under which the DM χ is charged.
The Lagrangian of the low energy effective theory is
given by
L = Lχ − 1
4
(V µνB )
2 +
1
2
m2V (V
µ
B )
2
−κ
2
V µνB Fµν + gBV
µ
BJ
B
µ + · · · , (1)
Lχ =
{
iχ¯ 6Dχ−mχχ¯χ, (Dirac fermion DM)
|Dµχ|2 −m2χ|χ|2, (Complex scalar DM)
where D = ∂ − igBqBVB , with gB (qB) the U(1)B gauge
coupling (charge), JµB ≡ 13
∑
i q¯iγ
µqi is the baryon cur-
rent (with the sum over all quark species), and the el-
lipses denote terms related to the sector responsible for
spontaneously breaking U(1)B , the details of which will
not be important for us below. Note that we have in-
cluded a kinetic mixing term, with strength κ, in the
Lagrangian (1) [32], which is allowed by all of the sym-
metries of the theory.1 In the physical basis, the vector
boson couplings to quarks are
L ⊃ V µB
(
gBJ
B
µ − κeJEMµ
)
, (2)
where the electromagnetic current is defined as JµEM ≡∑
iQf f¯iγ
µfi (with the sum over all electrically charged
fermions). Kinetic mixing can lead to a relevant deforma-
tion of the phenomenology provided κe & gB . In mod-
els where κ is generated radiatively, one expects to find
κ ∼ egB/(16pi2).
It is important to mention that Lχ may contain sev-
eral states coupled to the baryonic current,
∑
j(iχ¯j 6Dχj−
mχj χ¯jχj), including very light neutrino-like states. Mod-
els of this type were already discussed in Refs. [48–50] (see
also [51]), where such light states were called “baryonic
neutrinos” νb due to their coupling to VB . Mixing with
active neutrinos and elastic scattering on nuclei via VB
exchange creates novel signatures of νb relevant for the
interpretation of DM direct detection signals, provided
that the interaction strength is stronger than the usual
weak interactions. Therefore, light nearly massless dark
states from the χ sector represent an interesting physics
target. As we will observe later, although they cannot
constitute the cosmological DM, such states can be in-
strumental in constructing a realistic model of thermal
relic DM based on U(1)B . Moreover, the fixed-target
signatures of massless νb states and those of very light
DM (mχ ∼ O(few MeV)) are identical, and therefore
our work will also provide a method for constraining νb
models. For the sake of clarity, we will denote all nearly
1 Below we will present numerical results for both the U(1)B
model and, for comparison, the pure vector portal model. The
latter can be formally recovered from the Lagrangian (1) by tak-
ing the limit gB → 0, g′ ≡ gBqB 6= 0, and κ 6= 0. See Refs. [1–4]
for further studies of the pure vector portal model in this context.
3massless states endowed with U(1)B charge as νb, reserv-
ing the label χ for the DM.
Since we are interested in physics below the GeV
scale, it is necessary to determine the couplings of VB
to mesons. We will employ two approaches in the de-
scription of these couplings. For processes with ener-
gies below the ρ meson mass mρ, we obtain the cou-
plings of VB to the pseudoscalar mesons through the
standard procedure of gauging the chiral Lagrangian.
There are two distinct contributions to the VB couplings
in the chiral Lagrangian. The first contribution arises
from replacing partial derivatives of the pion Goldstone
field U with covariant ones, ∂U → ∂U − iVB [QB , U ],
where the generator QB = (gB/3)1 − κeQEM , with
QEM = diag(
2
3 ,− 13 ,− 13 ). We observe that in the limit
κ→ 0, VB does not couple to the mesons through the co-
variant derivative. The second contribution arises due to
the axial anomaly and is described by the gauged Wess-
Zumino-Witten (WZW) term [52, 53] (see also Refs. [54–
56] for useful discussions). These couplings are present
even in the limit κ → 0. For example, the coupling of
a neutral pseudoscalar meson to a photon and a vector
boson VB is given by
L ⊃ − 1
16pi2fpi
µναβF
µνV αβB
[
e(gB − κe)pi0
+ 1√
3
e(gB − κe)η8 + 2
√
2
3e(−κe)η0
]
, (3)
This coupling will mediate one of the dominant dark sec-
tor production mechanisms at proton fixed-target exper-
iments via pseudoscalar meson decays, e.g. pi0 → γVB .
A detailed treatment of this subject is presented in Ap-
pendix A 1.
We will also be interested in production due to vec-
tor meson mixing, for which we employ the vector meson
dominance (VMD) prescription. Following Ref. [54], we
can write the mixing between the vector VB and the vec-
tor mesons ρ, ω, φ as
L ⊃
√
2
g
V µB
[
(−κe)m2ρ ρµ + 13 (2gB − κe)m2ω ωµ
−
√
2
3 (−gB − κe)m2φ φµ
]
. (4)
The production of DM through vector meson mixing with
VB is treated in Appendix A 2.
A. Cosmology
There are several challenges that the minimal model
described by the Lagrangian (1) faces if one insists on
χ being a viable thermal relic DM candidate. Besides
the usual difficulty of obtaining a sufficient (∼pb) anni-
hilation cross section, such light DM states are strongly
constrained by the precise measurements of the temper-
ature anisotropies of the cosmic microwave background
(CMB) radiation [57–59]. If the annihilation occurs into
visible SM states other than neutrinos, these constraints
typically rule out a thermal relic with s-wave annihila-
tion for the sub-GeV DM masses of interest in this work.
Systematically exploring the range of viable cosmologies
is not crucial for this paper, and we limit our discussion
to three distinct possibilities.
Scenario 1. A natural model based on U(1)B achieves
the correct DM abundance via annihilation to neutrino-
like states, χχ¯ → V ∗B → νbν¯b, and in addition via
χχ¯ → VBVB → νbν¯bνbν¯b if mχ > mV . Annihilation
to these light new states completely avoids problems
with energy injection during or after recombination, as
νb’s are not capable of ionizing Hydrogen due to their
weak interaction with matter. In addition, it is possible
to generate the required annihilation rate. For exam-
ple, σv ∼ pb for mV < mχ can be achieved by choos-
ing α2B ∼ 10−11(mχ/100 MeV)2. In the opposite case,
mV > mχ, αB would need to be slightly larger and, most
relevant for our discussion, in both cases g2B/m
2
V ≡ GB
would necessarily be larger than the weak Fermi constant
GF .
Significant sensitivity to this model comes from CMB
or BBN determinations of the dark radiation energy den-
sity, traditionally parametrized via the effective number
of neutrino degrees of freedom Neff . The naive shift of
Neff in this model with νb is ∆Neff = 1, but the actual
change might be smaller, depending on the precise time
of νb decoupling [48]. In any event, this increase to the
effective number of neutrinos is not completely excluded,
and furthermore this parameter can be additionally ad-
justed via new light states that decay to electrons and
photons after neutrino decoupling, thereby lowering Neff .
Scenario 2. Another minimal scenario involves scalar
DM χ, with annihilation aided by the “baryonic Higgs”
hB , i.e. a particle accompanying the spontaneous break-
ing of U(1)B . With the mass hierarchy, 2mV > 2mχ >
mV + mhB , it is easy to see that χχ
† → 2VB is kine-
matically forbidden, while the Higgs-strahlung process
χχ† → V ∗B → VB hB is allowed. Importantly, for scalar
DM, the latter process is necessarily p-wave. As a con-
sequence, the CMB bounds on energy injection can be
evaded due to inefficient late time annihilation. The
requisite size of the annihilation cross section is easily
achieved by an appropriate choice of αB . A potential
problem for this construction is the relatively long-lived
hB , that would have to deplete its abundance before the
start of BBN via e.g. the VBhB → pi0γ co-annihilation
process (see the corresponding discussion in Ref. [60]) or
via the two-loop decay hB → 2γ. It is also possible to
achieve an accelerated decay of hB via the SM Higgs –
U(1)B Higgs portal. Because of the chosen mass hier-
archy, the production of χχ† in fixed-target experiments
necessarily proceeds via an off-shell VB .
Scenario 3. Finally, there are always classes of models
where the correct DM abundance of χ is achieved via por-
tals which differ from JBµ V
µ
B . One example involves a new
light scalar particle φ that couples to the DM through a
Yukawa interaction, L ⊃ φχ¯(a + ibγ5)χ, with a, b, real
4parameters. In the regime mφ < mχ < mV , the domi-
nant annihilation process is χχ¯→ φφ, which will proceed
in the p-wave if either a or b vanishes. The φ particle can
decay to e+e− pairs through a small Higgs portal cou-
pling, L ⊃ AφH†H. We have checked, for instance, that
for mφ ∼ 10 MeV and A ∼ 1 MeV, the φ lifetime is less
than one second, the effective φ coupling to electrons is
consistent with Supernova cooling constraints, and the
contribution to the φ mass from electroweak symmetry
breaking is subdominant.
We trust that the existence of these three classes of sce-
narios will convince the reader that U(1)B-based thermal
relic DM models are possible, and we turn next to the
existing constraints on U(1)B gauge bosons.
B. Existing constraints
In addition to the cosmological constraints, various ter-
restrial particle physics experiments have sufficient sen-
sitivity to exclude portions of parameter space for the
model. A number of limiting contours are shown in
Fig. 1, and discussed below. We separate the discus-
sion into those with specific sensitivity to gB , and those
which rely on kinetic mixing κ with the electromagnetic
current.
Constraints on the baryonic coupling. We list below
the constraints with sensitivity to gB in the parameter
regions of interest:
• Rare decays with missing energy:- Certain rare decays
have significant sensitivity for both kinetic mixing and
the baryonic portal. The limit on pi0 → γVB from the
Brookhaven alternating gradient synchrotron [61], with
the branching ratio discussed below in (A.9), imposes
competitive constraints at low mass for both portals.
A stronger limit arises from the Brookhaven E949 mea-
surement of the tiny branching fraction of K+ → pi+νν¯
[65], interpreted as K+ → pi+VB [11]. The rate calcula-
tion needs to be generalized to account for the baryonic
portal, so we include some details here. In general there
are both short- and long-distance contributions. How-
ever, while the loop-induced K+−pi+−γ∗ vertex can be
inferred from the measured 3-body hadronic kaon decays
using ChPT, since pseudosclar mesons are uncharged
under U(1)B , it is natural to anticipate that the long-
distance contribution is suppressed. The short-distance
contribution is dominated by the GIM-suppressed VB-
penguin with c− and u-quark loops. Retaining just the
leading logarithm,
Lpen'V µB s¯γµd× sin 2θc
GF√
2
gB
24pi2
log
[
m2c
m2u(→Λ2IR)
]
+h.c.,
(5)
where θc is the Cabibbo angle, and mu in the logarithm
needs to be replaced with the hadronic IR cutoff ΛIR,
with e.g. mρ <∼ ΛIR <∼ 4pifpi. Since we expect the long-
distance contribution to be suppressed, the sensitivity to
this cutoff leads to considerable uncertainty in the result.
Allowing for both the baryonic and kinetic mixing por-
tal couplings, the amplitude takes the form,
MK→piVB =
m2V
(4pi)2m2K
(k + p)µVµ
× (gBWB(m2V )− eκWκ(m2V )), (6)
where k and p are the kaon and pion momenta, V is
the polarization vector of VB , and W
2
κ (m
2
V ) ∼ 3× 10−12
[11], W 2B(m
2
V ) ∼ 4 × 10−13 in an approximation where
m2V  m2K and the logarithm is cut off in the infrared at
the scale Λ ∼ mρ. This implies
Br(K+→pi+VB) ∼ 9× 10−4
(gB
3
− eκ
)2 ( mV
100 MeV
)2
,
(7)
in agreement, up to O(1) factors, with an earlier result
of Nelson and Tetradis [34].
For larger VB masses, there are also constraints from
invisible decays of cc¯ and bb¯ vector mesons, through mix-
ing in analogy with the discussion below in Appendix A 2.
We include the constraint on Br(J/Ψ → invisible) <
7× 10−4 from BES [62].
• CDF constraints on monojets:- In the low O(GeV)
mass range, CDF provides the most stringent constraint
on monojets, pp¯ → jet + invisible [63] (see also [72]),
with gu < 0.026 and gd < 0.04 independent of mass for
mV < 10 GeV. This limit is relevant for both kinetic
mixing and the baryonic portal.
• Angular dependence in neutron scattering:- With
very low mass vectors VB coupling via the baryonic por-
tal, there is an additional long-range contribution to nu-
cleon interactions, which is constrained by studies of
the angular dependence in neutron scattering. For in-
stance, from keV neutron-Pb scattering data, αB <
3.4×10−11(mV /MeV)4 for mV > 1 MeV [64] (as recently
discussed in [46]).
• Direct dark matter detection:- For DM candidates
saturating the local relic density, direct detection ex-
periments provide strong sensitivity for mχ > 1 GeV.
The non-relativistic limit of VB-mediated scattering al-
lows identification of the per-nucleon cross section, σN ∼
16pi(Z/A)2αα′κ2µ2χ,N/m
4
V with Z/A ∼ 1/2 for kinetic
mixing and σN ∼ 16piα2Bµ2χ,N/m4V for the baryonic cur-
rent. For comparison, we show the strongest low mass
direct detection limits from DAMIC [73], CDMSlite [74],
SuperCDMS [75], and LUX [76] (ordered in increasing
mass). Direct detection limits on DM-electron scattering
also exist [77, 78], although these will be subdominant
for radiatively generated kinetic mixing, κ ∼ egB/16pi2.
Constraints on kinetic mixing. When kinetic mixing
with hypercharge is also present via κ 6= 0, several addi-
tional constraints arise due in particular to the induced
leptonic couplings:
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FIG. 1. Existing constraints on DM model parameter space. The left plot shows the constraints on the U(1)B model in the mV − αB
plane for a DM mass mχ = 10 MeV and vanishing kinetic mixing κ = 0. The shaded region is excluded by existing constraints. The
constraints shown are from limits on pi0 → γ + invisible [61], J/ψ → invisible [62], pp→ jet + invisble (labeled monojet) [63], and neutron
scattering [64] . The limit from the K+ → pi+νν¯ branching ratio measurement [65] is also shown under two possible assumptions on
the IR cutoff: 1) ΛIR = 4pifpi (solid orange), and 2) ΛIR = mρ (dashed orange). For comparison, the right plot shows the constraints
on the pure vector portal model with mχ = 10 MeV and α′ = 0.1. In this model there are additional constraints originating from the
sizable leptonic couplings: excessive contributions to electron and muon g−2 [11, 66–69], a monophoton search by BaBar (labeled BaBar
sensitivity) [5, 29, 70], and deviations in precision electroweak measurements[71]. The blue band through the parameter space marks where
the scenario brings theory and experiment into better than 3σ agreement for muon g−2 [11].
• Loop corrections to lepton g−2:- Kinetic mixing with
κ 6= 0 leads to a one-loop vector contribution to g − 2
for the electron and muon. Regions for which g − 2 de-
viates by more than 5σ from the experimental value are
excluded [11, 66–69]. However, for the muon, this correc-
tion can also ameliorate the disagreement between theory
and experiment. The blue band in the plots indicates the
parameter range for which the additional loop correction
restores better than 3σ agreement with the SM, and de-
fines an interesting benchmark level of sensitivity.
• Elastic scattering at LSND:- An important limit on
kinetic mixing at low mass arises from an analysis of the
LSND measurement of elastic neutrino scattering on elec-
trons [79]. A limit was placed on non-standard scattering
contributions which, with the large ∼ 1023 POT dataset
and production via neutral pion decay to DM through
an on-shell vector mediator, allows a strong constraint to
be placed on this light DM scenario as discussed in more
detail in [2].
• BaBar Monophotons:- For kinetic mixing, one of
the most significant constraints comes from the BaBar
monophoton search, which can be interpreted in terms
of invisibly decaying vectors which are produced in asso-
ciation with a single photon in e+e− collisions [5, 29, 70].
This relies crucially on the single photon trigger, and al-
lows sensitivity over the full mass range.
• ∆mZ and EW fit:- Kinetic mixing with hypercharge
also has an impact on the γ − Z alignment after elec-
troweak symmetry breaking. The ensuing shift of mZ ,
along with the precision of the global electroweak fit, also
imposes a significant (and essentially mass-independent)
limit [71].
• Rare visible decays:- Visible decays of the vector
provide relatively weak limits with kinetic mixing (and
even weaker limits for the baryonic portal). For the
kinetic mixing parameters studied here, the vector de-
cays promptly and the limits imposed by dark photon
searches at MAMI, BaBar, APEX and KLOE [8, 80, 81]
are suppressed by the visible branching fraction to lep-
tons, κ2α/α′, as the dominant decays are invisible (to
χχ†). For the baryonic portal, the dominant visible me-
son decays are even further suppressed, either due to the
need for decays to three-body final states (e.g. 3 pions),
and/or through anomaly-mediated channels (as recently
discussed in [46]). The limits in each case are subleading
to the other constraints shown in Fig. 1.
3. SIGNATURES AT FIXED-TARGET
NEUTRINO EXPERIMENTS
We now investigate the sensitivity of proton fixed-
target experiments to the model of leptophobic DM de-
6scribed in the previous section and by the Lagrangian
(1). In this section we will outline the basic detec-
tion strategy that can be employed by neutrino exper-
iments such as MiniBooNE. We will provide a detailed
overview of the production of relativistic DM in the pri-
mary proton-target collisions, as well as a treatment of
the DM-nucleon scattering. Our estimates for the sen-
sitivity of the dedicated MiniBooNE beam-dump run to
leptophobic DM will be presented in Section 4. We note
that much of the discussion here follows that of our ear-
lier works of Refs. [1–3], although we will present a more
comprehensive treatment of the DM production model,
which will extend the reach of MiniBooNE to DM masses
closer to 1 GeV.
A. Detection Strategy
In neutrino experiments such as MiniBooNE, an in-
tense proton beam is directed onto a fixed target, result-
ing in strong production of hadrons. An extended decay
volume downstream of the target allows the pions to de-
cay in flight, resulting in a large flux of neutrinos. Be-
ing weakly interacting, neutrinos can travel unimpeded
through the dirt, potentially oscillating along the way,
and then scatter in the detector via charged and neutral
current processes.
If DM χ couples to quarks, as happens in the lepto-
phobic model (1) considered here, then both the mediator
and the DM can be copiously produced in the primary
proton-target collisions. There are a number of DM pro-
duction mechanisms, including the decays of secondary
mesons pi0, η, η′, mixing of the vector mediator VB with
vector-mesons ρ, ω, φ, and through direct perturbative
QCD production. This results in a relativistic flux of
DM directed along the beam line. Just like neutrinos,
DM interacts very weakly with ordinary matter, and can
thus reach the near detector and scatter elastically with
nucleons through a t-channel VB exchange. Thus, the sig-
nature of DM at these experiments is a neutral current
nucleon scattering event.
Since the signature is neutral current-like scattering,
neutrinos constitute a significant background to the DM
signal. There are several strategies that can be employed
to combat this beam-related background [4]. The kine-
matic differences in the nucleon recoil energy and angular
spectrum can be exploited through a dedicated analysis.
This requires a detailed understanding of the neutrino
background spectrum and will not be pursued further
here. Secondly, one can utilize precise timing information
to search for the scattering events that are out of time
with the proton beam spill, which would be expected for
heavier DM particles, mχ & 100 MeV, which have a de-
layed arrival at the detector relative to the neutrinos.
Finally, one can dramatically reduce the neutrino flux by
directing the protons onto a beam dump, with no decay
volume. In this case the charged mesons are absorbed
or stopped before they decay, resulting in a smaller and
Meson η/pi0 η′/pi0 ρ/pi0 ω/pi0 φ/pi0
σ
σ
pi0
= σ
90 mb
1/30 1/300 0.05 0.046 1/150
TABLE I. Estimates of the production cross sections for the 8.9
GeV beam at MiniBooNE [82, 83]. The number of particles pro-
duced is given by N ∼ POT× σLnucnN , where Lnuc ∼ 1 interac-
tion length, and nN the number density. The numbers quoted are
for the beryllium target, but can be rescaled for the iron absorber.
more isotropic neutrino flux, while the DM production
mechanisms are unaltered. MiniBooNE is currently car-
rying out a beam-dump run, with the expectation of re-
ducing the neutrino flux by a factor of ∼ 50.
B. Dark Matter Production
We now turn to a quantitative treatment of the DM
production model. We will specialize to the case of
production at MiniBooNE, although the description can
easily be modified where appropriate for other experi-
ments. In general, we would like to determine as pre-
cisely as possible σ(pp(n) → χχ† + · · · ), or equivalently
σ(pp(n)→ V ∗B+ · · · ) since Br(VB → χχ†) ≈ 1 in all cases
studied here. Since VB is a narrow resonance for the pa-
rameters of interest, if we denote q2 as the invariant mass
of V ∗B , then the cross section is well-approximated by
q2 ∼ m2V . At MiniBooNE, the low 4.2 GeV pp(n) center-
of-mass energy requires us to consider multiple hadronic
production modes for mV < 1 GeV.
We will focus on three classes of production processes:
1) secondary meson decay, 2) vector meson mixing, and
3) direct QCD production for sufficiently large q2 ∼ m2V .
Although beyond the scope of this work, one can also con-
template production of DM through bremsstrahlung-like
radiation of the vector mediator from the proton beam,
and it would be worthwhile to investigate this mechanism
in the future.
• Secondary meson decay:- For low mass vectors, the
dominant production mode is via radiative decay of pseu-
doscalar mesons ϕ = pi0, η, η′ [1, 2]. We take σ(pp(n) →
VB + · · · ) ∼ σ(pp(n)→ ϕ+ · · · )× Br(ϕ→ γVB), and
Br(ϕ→ γVB)
Br(ϕ→ γγ) = 2
(
cϕ
gB
e
− κ
)2(
1− m
2
V
m2ϕ
)3
, (8)
where cϕ ≈ {1, 0.61,−0.12} for ϕ = pi0, η, η′. Further
details of the computation are presented in Appendix A 1.
Estimated production rates for the pseudoscalar mesons
at MiniBooNE are summarized in Table I.
• Vector meson mixing:- For mV close to the mass of a
vector meson X = ρ, ω, φ, resonant production via mix-
ing can be important [31]. In principle, this requires an
off-shell treatment of both X and VB , to account for the
full spectral shape. However, there is little (e.g. Drell-
Yan) data available for the relevant kinematic range, and
we will focus on one tractable contribution that corre-
sponds to taking σ(pp(n) → V ∗B + · · · ) ∼ σ(pp(n) →
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FIG. 2. Vector boson production cross sections σ(pp→ χχ† + . . . ) as a function of mV for MiniBooNE energies, broken into individual
production channels. We have fixed the DM mass to mχ = 10 MeV. We show the results for the U(1)B model with αB = 10
−4, κ = 0
(left), and the pure kinetic mixing portal model with κ = 10−3 (right) for comparison. The blue line represents the sum of all production
channels considered.
X + · · · ) × Br(X → V ∗B → χχ†). This relation can be
derived in the narrow-width approximation for the vec-
tor meson resonance, and one can compute the branching
ratio
Br(X → χχ¯)
Br(X → ee¯) =rχ
(
cX
gB
e
− κ
)2 (gBqB
e
)2 m4X
(m2X −m2V )2 +m2V Γ2V
(
1 + aχ
m2χ
m2X
)(
1− 4m
2
χ
m2X
)1/2
, (9)
where cX = {0, 2,−1} for X = {ρ, ω, φ}, while rχ =
1, aχ = 2 (Dirac fermion χ), or rχ = 1/4, aχ = −4
(scalar χ). In practice, the X width is usually much
larger than the VB width, so to better approximate the
spectral shape we will broaden the effective resonance
width, ΓV → Γeff ∼ ΓX . (In the case of ρ, we also modify
the spectral shape as a Breit-Wigner distribution does
not provide a good fit to higher energy Drell-Yan data.)
Further calculational details are presented in Appendix
A 2. Estimated production rates for the vector mesons
are again summarized in Table I.
• Direct QCD production:- For mV above roughly a
GeV, we use direct parton-level production via qq¯ → VB ,
and work with the narrow width approximation for VB ,
σ(pp(n)→ VB) = pi
3m2V
∑
q
(gB
3
− κeQq
)2 ∫ 1
τ
dx
x
τ
[
fq/p(x)fq¯/p(n)
(τ
x
)
+ fq¯/p(x)fq/p(n)
(τ
x
)]
, (10)
where τ = m2V /s. We use the CTEQ6.6 parton distri-
bution functions fq/p(n)(x) and fq¯/p(n) setting the scale
Q = mV . The uncertainties for mV ∼ 1 GeV at Mini-
BooNE energies are likely O(1), but we find that the
rates are not that large in practice so higher-order cor-
rections are not likely to significantly modify the con-
clusions. Further details, including the full differential
distributions, are discussed in [3].
In Fig. 2 we display the VB production cross sections
for the various channels described above for the U(1)B
model with κ = 0, as well as the pure vector portal model
for comparison (see the Footnote 1 for an explanation).
C. Dark Matter-Nucleon Elastic Scattering
Once produced in the primary collisions, the DM can
be detected through its elastic scattering signature in the
near detector. The DM-nucleon differential elastic scat-
tering cross section can be written as
dσχN→χN
dEχ
= αB q
2
B
F˜ 21,NA(E,Eχ) + F˜
2
2,NB(E,Eχ) + F˜1,N F˜2,NC(E,Eχ)
(E2 −m2χ)(m2V + 2mN (E − Eχ))2
, (11)
where E(Eχ) is the incoming (outgoing) dark matter en-
ergy, mN is the nucleon mass, Q
2 = 2mN (E−Eχ) is the
momentum transfer, the expressions for the form factors
8POT Ebeam L Adet Ldet nCH2 Fiducial mass eff
2× 1020 8.9 GeV 541m 1.2× 106 cm2 11.5m 9× 1023 cm−3 450 tons 0.35
TABLE II. A summary of the relevant MiniBooNE parameters used in this work; see the text for further details and notation.
F˜(1,2),N are given in Eq. (B.9), and the kinematic func-
tions A,B,C depend on the DM spin and are given in
Eqs. (B.11) and (B.12) for a complex scalar and Dirac
fermion, respectively. Further details of the scattering
computation are presented in Appendix B.
4. RESULTS
To generate estimates of the signal rate, the next step is
to simulate DM production distributions, so that the spe-
cific geometric and energy cuts relevant for MiniBooNE
can be incorporated.
A. Production and Scattering Simulation
The momentum and angular distributions of the
parent mesons were simulated by sampling the Mini-
BooNE Sanford-Wang meson production fits [84] using
an acceptance-rejection method. The pi0 distribution was
approximated using the mean of MiniBooNE’s pi+ and
pi− fits, a procedure which, according to previous studies
(see e.g [85, 86]), produces a fit in reasonably good agree-
ment with the measured pi0 distribution. For the other
mesons considered, we instead use MiniBooNE’s K0s fit in
order to obtain some estimate of how the momentum dis-
tribution changes for a particle of much higher mass than
that of a pion, though in practice the two distributions
are quite similar. The pseudoscalar mesons thus pro-
duced are decayed into vectors VB and other final state
particles, while the vector mesons are replaced with VB
particles of the same momentum and angle. The vectors
VB are decayed into χχ
† pairs, providing a set of DM tra-
jectories emanating from the MiniBooNE target. Direct
production is handled in a similar manner, but it samples
VB and χ decay angles from the production distribution
detailed previously in [3]. Dark matter particles possess-
ing trajectories that intersect the MiniBooNE detector
are recorded for later use in calculating the MiniBooNE
event rate. This procedure is performed for all relevant
production channels for a given VB mass.
The set of DM trajectories produced for each produc-
tion channel A are summed over in order to calculate the
DM event rate in the MiniBooNE detector. For mesons,
we use
NχN→χN,A = effNABr(A→ VB + · · · )Br(VB → χχ†)nCH2 ×
1
JA
∑
j
ljσχCH2→χCH2(Ej), (12)
where eff is the detection efficiency, NA is the number
of mesons A produced in the MiniBooNE target for a
given POT, nCH2 is the number density of mineral oil in
the MiniBooNE detector, J is the total number of DM
trajectories generated for production channel A, lj is the
length of intersection of the DM trajectory j and the
MiniBooNE detector, and σχCH2→χCH2(Ej) is defined as
σχCH2→χCH2 =
∫ 1.6GeV2
0.1GeV2
dQ2
(
6Cνp,C
dσχp→χp
dQ2
+ 6Cνp,C
dσχn→χn
dQ2
+ 2Cνp,H
dσχp→χp
dQ2
)
, (13)
where the Q2 dependent efficiencies Cν(n,p),(C,H) are as
listed in Appendix B.2 of [87]. For direct production, we
make the substitution NABr(A → VB + · · · ) → NVB .
The estimate of the total event rate is calculated by
adding the results of the individual production channels
together.
B. Sensitivity
The parameters relevant for MiniBooNE in its current
beam-dump run configuration are shown in Table II, in-
cluding the expected final POT to be achieved by the end
of summer 2014. The efficiencies are adopted from the
published neutral current analysis. With these parame-
ters, the simulation described above was used to deter-
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FIG. 3. Sensitivity contours for the MiniBooNE beam-dump run (green), with the three contour regions corresponding to 1 event (light),
10 events (medium) and 1000 events (dark). In grey are exclusions from other sources, which are detailed in Section 2 B. The left panel
displays the sensitivity for the U(1)B model in the mV − αB plane, assuming a DM mass of mχ = 10 MeV and vanishing kinetic mixing,
κ = 0. For comparison, the right panel displays the sensitivity for the pure vector portal model for mχ = 10 MeV and α′ = 0.1. The
black line through the parameter space (labeled Relic density) traces the combination of parameters that reproduce the observed matter
density of the universe. [3].
mine the expected number of events, and the contours are
shown in a series of plots overlaid on top of the existing
constraints. As described in [4], use of various techniques
to reduce the neutrino background should allow sensitiv-
ity to DM scattering at the 100-event level.
In the left panel of Fig. 3 we display the sensitivity of
MiniBooNE to the U(1)B model in the mV − αB plane,
assuming a DM mass of mχ = 10 MeV and vanishing
kinetic mixing, κ = 0. The shaded green regions cor-
respond to 1 (light), 10 (medium) and 1000 (dark) ex-
pected DM-nucleon scattering events during the beam-
dump run. We observe that MiniBooNE will be able to
test a substantial region of unexplored parameter space,
probing couplings as low as αB ∼ 10−6 and VB masses
up to mV ∼ 1 GeV.
For comparison, in the right panel of Fig. 3 we dis-
play the sensitivity of MiniBooNE to the pure vector
portal model for the same DM mass and α′ = 0.1 (see
Footnote 1 for an explanation). The existing constraints
from LSND, BaBar, and K → piνν¯ cover much of the
parameter space to which MiniBooNE is sensitive. As
discussed in Section 2 B, these constraints are essentially
a consequence of the larger leptonic couplings present
in the model. However, MiniBooNE is capable of prob-
ing an interesting range of unconstrained parameters,
κ ∼ 2× 10−3 and mpi0 < mV . 1 GeV.
We also show in Fig. 4 the MiniBooNE sensitivities
in the direct detection plane (effective spin-independent
DM-nucleon cross section vs. DM mass – see the discus-
sion in Section 2 B for details on this conversion). The
left panel shows the sensitivity for the U(1)B model, with
mV = 300 MeV and vanishing kinetic mixing, κ = 0,
while the right panel shows for comparison the sensitiv-
ity for the pure vector portal model, with mV = 300
MeV and α′ = 0.1. These plots highlight both the im-
pressive capability of MiniBooNE and, more generally,
the unique potential of proton-beam fixed-target experi-
ments to probe light leptophobic DM.
Finally, let us comment on the case of sizable kinetic
mixing, κe ∼ gB , in the U(1)B model. In this case,
as κ is increased, the leptonic couplings become larger,
and the constraints from LSND and BaBar, among oth-
ers, become relevant. However, the DM production and
scattering rates are not dramatically altered, since they
primarily occur through couplings of the vector mediator
to quarks.
5. OUTLOOK
This paper has highlighted the unique sensitivity of
fixed-target neutrino experiments to leptophobic light
DM scenarios. We focussed on a generic model in which
the DM candidate interacts predominantly via coupling
to the gauged baryon current. We have demonstrated
that the MiniBooNE beam-dump run will be able to test
an impressive range of model parameters that are cur-
rently unconstrained.
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Below, we remark on several important directions for
further study:
• Higher proton beam energies: While we have fo-
cused on MiniBooNE, which uses the 9 GeV Fer-
milab Booster as its proton source, a number of
existing and planned neutrino experiments employ
higher energy proton beams. Examples include MI-
NOS and NOvA (120 GeV protons from the Fer-
milab Main Injector), T2K (30 GeV protons from
the JPARC synchrotron), and the CNGS facility
at CERN (400 GeV protons from the CERN SPS).
Looking to the future, there is the LBNE experi-
ment, which will use an intense proton source based
at Fermilab, and the SHIP program, which will use
the CERN SPS beam. Future searches for light
sub-GeV DM provide an important new physics
motivation for these experiments, and therefore it
will be critical to study the sensitivity of these fa-
cilities to the light leptophobic DM scenarios con-
sidered here. On the experimental side, we encour-
age the collaborations to begin to develop dedicated
analyses aimed at detecting anomalous neutral cur-
rent events, which could be induced by light DM
states. Due to the higher proton beam energy, di-
rect QCD production of vectors and DM will be-
come more relevant, and heavier dark sector states
of the order of 1-10 GeV can be produced. The
sensitivity of these experiments to the pure vector
portal model was considered previously in Ref. [3].
It would also be useful to expand the investigation
of the scattering signatures to the deeply inelas-
tic regime, since the characteristic energies of DM
particles intersecting the detector are in the tens of
GeV range.
• Visible decays of VB : One crucial parameter for
the model is the relation between the DM mass
mχ and the vector mass mV , or more generally the
question about the existence of states lighter than
mV /2 charged under U(1)B . In the preceding sec-
tions we have implicitly discussed both, since some
of the DM production mechanisms did not require
2mχ < mV . It is easy to see that for 2mχ < mV the
rate of visible decays (VB → ee¯, VB → pi0γ, etc.)
are diluted by the dominant VB → χχ¯ decay mode,
while in the opposite case VB → SM proceeds unim-
peded and indeed may provide a sensitive probe of
the model. The latter case also requires the ab-
sence of extra light states νb. The phenomenology
of the visible decays of a GeV-scale U(1)B gauge
boson were recently discussed in Refs. [45, 46].
For 2mχ > mV it is conceivable that the vector
state coupled to the baryon current can be more
efficiently probed directly through observation of
the visible final states in its decay. In addition
to the searches via rare meson decays discussed in
Ref. [45, 46], one can utilize proton and electron
fixed-target experiments to search for VB visible de-
cays. In the case of proton beams, one can employ
the same VB production channels described in this
paper. For a certain range of parameters, the vector
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boson will be metastable and reach the near detec-
tor before decaying. For vector masses below mpi0 ,
VB will decay to either an e
+e− pair through kinetic
mixing, or to a three photon final state through
an off-shell pi0, leading to distinctive electromag-
netic signatures that can be searched for with Mini-
BooNE as well as liquid argon-based detectors such
as MicroBooNE. Above the pion threshold, the vec-
tor will dominantly decay to a pi0γ state, again
leading to a three photon signature.
The visible decays of VB also provide an excellent
physics case for electron fixed-target searches, and
in particular the HPS experiment [88] at Jeffer-
son Lab. In this experiment, significant sensitivity
should be possible via a search for displaced ver-
tices in decays to electron-positron pairs. In the
pure vector portal model, the experimental sensi-
tivity extends down to κ ∼ 10−5 in the mass range
20 MeV <∼ mV <∼ 200 MeV. It is easy to see that
this is precisely the range of κ expected in the mod-
els with gauged U(1)B , due to radiatively induced
kinetic mixing κind ∼ gBe/16pi2. Despite some un-
certainty due to initial value of κ, for αB ∼ 10−6
one anticipates κ ∼ 10−5−10−4, right in the middle
of the parameter space accessible via the displaced
vertex search by HPS. Therefore, a significant frac-
tion of these models could result in both the DM
scattering signature and visible signatures in elec-
tron machines.
Finally, it is also possible that the sensitivity to mV
could be extended above 200 MeV via the search for
visible decay modes. This will depend crucially on
the direct production rate of VB in electron-target
collisions via the conversion of an off-shell photon,
p+ γ∗ → p+VB . Notice that this process does not
require κ 6= 0 and can be induced by the baryonic
current. Evaluating this electro-production mech-
anism and the ensuing sensitivity to the U(1)B pa-
rameter space goes beyond the scope of this paper,
but is important as it could compete with the η
decay channels suggested in [46].
• UV completions of local U(1)B : As discussed in
Section 2, the model considered here suffers from
gauge anomalies, and requires a UV completion.
While a number of explicit UV complete models of
gauge U(1)B exist in the literature [34–44], it would
be worthwhile to revisit this issue in the context of
the light sub-GeV DM scenario considered in this
work. There will in general be additional model-
dependent constraints from high energy colliders on
the new heavy states responsible for the quantum
consistency of the theory. For some recent discus-
sion of this matter, see Ref [45].
• Astrophysical sensitivity: The DM models studied
here generally exhibit either suppressed or hidden
annihilation channels in the late universe, in order
to satisfy, for example, the constraints from the
CMB. The astrophysical signatures are therefore
quite limited. However, for vector mass scales at
or below the supernova core temperature, mV ∼
30 MeV, coupling through kinetic mixing or the
baryonic portal may allow the production of DM
within the core, e.g. via NN → NNV → NNχ¯χ.
For sufficiently weak coupling, e.g. 10−9 . κ .
10−6 [89] and 10−19 . αB . 10−13 depending on
the vector mass, cooling of the core via free stream-
ing of χ is inconsistent with the observed neutrino
emission from SN1987A [90]. This process could be
considered in more detail, but the constraints are
not relevant for the larger values of κ and αB con-
sidered here, for which DM thermalizes and only
diffuses slowly from the core. Dark matter would
instead form a thermal sphere and be radiated to
form a diffuse SN background in the same manner
as neutrinos, albeit at a much lower rate.
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Appendix A: Dark sector production
1. Pseudoscalar meson decays
Here we compute the decays of pseudoscalar mesons to
vectors, ϕ→ γVB , where ϕ = pi0, η, η′. Given the generic
interactions,
L = gϕγγ µναβ ϕ∂µAν ∂αAβ + gϕγV µναβ ϕ∂µAν ∂αV βB ,
(A.1)
one obtains the branching ratio for ϕ→ γVB :
Br(ϕ→ γVB)
Br(ϕ→ γγ) =
1
2
g2ϕγV
g2ϕγγ
(
1− m
2
V
m2ϕ
)3
. (A.2)
It remains to determine the couplings gϕγγ , gϕγV , which
arise from the gauged WZW Lagrangian.
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First consider the two-photon couplings. In the U(3)f
symmetric limit, the Lagrangian is given by
L = α
2pifpi
µναβ ∂
µAν ∂αAβ
(
cpipi
0 + c8η8 + c0η0
)
,
(A.3)
where U(3)f symmetry dictates that (cpi, c8, c0) =
(1, 1√
3
,
√
8
3 ). Fixing fpi = 92.2 MeV gives the correct
prediction for the pi0 → γγ decay width. To reproduce
the correct partial widths for the two photon decays of η
and η′, we must include two additional effects: 1) U(3)f
breaking in the form of distinct decay constants for each
meson, i.e. fpi, f8, f0, and 2) η−η′ mixing, such that the
flavor eigenstates are related to the mass eigenstates by
η8 = cos θ η+sin θ η
′, η0 = − sin θ η+cos θ η′. (A.4)
We adopt the following values from Ref. [91]:
θ = −14.5◦, f8/fpi = 0.94, f0/f8 = 1.17. (A.5)
The two-photon couplings are then given by
gpiγγ =
α
2pifpi
,
gηγγ =
α
2pi
(
c8
f8
cos θ − c0
f0
sin θ
)
,
gη′γγ =
α
2pi
(
c8
f8
sin θ +
c0
f0
cos θ
)
. (A.6)
Next we consider the ϕγVB couplings. Again, we start
from the U(3)f symmetric terms from the WZW La-
grangian:
L ⊃ 1
4pi2fpi
µναβ∂
µAν∂αV β
[
cpie(gB − κe)pi0
+ c8e(gB − κe)η8 + c0e(−κe)η0
]
. (A.7)
Including the effects of U(3)f breaking in the decay con-
stants and η − η′ mixing, we derive the couplings
gpiγV =
α
pifpi
(gB
e
− κ
)
, (A.8)
gηγV =
α
pi
[
c8
f8
cos θ
gB
e
−
(
c8
f8
cos θ − c0
f0
sin θ
)
κ
]
,
gη′γV =
α
pi
[
c8
f8
sin θ
gB
e
−
(
c8
f8
sin θ +
c0
f0
cos θ
)
κ
]
.
Plugging Eqs. (A.6,A.9) into Eq. (A.2), we obtain the
result of Eq. (8) in the text,
Br(ϕ→ γVB)
Br(ϕ→ γγ) = 2
(
cϕ
gB
e
− κ
)2(
1− m
2
V
m2ϕ
)3
, (A.9)
where
cpi = 1,
cη =
(
1− c0
c8
f8
f0
tan θ
)−1
≈ 0.61,
cη′ =
(
1 +
c0
c8
f8
f0
cot θ
)−1
≈ −0.12. (A.10)
2. Vector meson decay
Here we compute the decays of vector mesons X =
ρ, ω, φ to DM pairs, X → χχ¯. These decays occur due
to X −VB mixing under the VMD hypothesis. It will be
convenient to normalize the branching ratios to Br(X →
e+e−), which occurs due to X − γ mixing. Consider first
the generic couplings
L ⊃ gXYXµY µ + gFYµF¯ γµF + igSYµS∗←→∂µS, (A.11)
where X is a vector meson, Y is either the photon or
baryonic vector VB , F is the electron or Dirac fermion
DM, and S is the complex scalar DM. The partial decay
widths for X → F¯F and X → S∗S are given by
Γ(X → F¯F ) = g
2
F g
2
XYmX
12pi
1
(m2X −m2Y )2 +m2Y Γ2Y
(
1 +
2m2F
m2X
)(
1− 4m
2
F
m2X
)1/2
,
Γ(X → S∗S) = g
2
Sg
2
XYmX
48pi
1
(m2X −m2Y )2 +m2Y Γ2Y
(
1− 4m
2
S
m2X
)3/2
. (A.12)
Let us now specialize to the gauged U(1)B model of
interest. The X-photon mixing Lagrangian is
L ⊃
√
2e
g
Aµ
(
m2ρρµ +
1
3m
2
ωωµ −
√
2
3 m
2
φφµ
)
. (A.13)
We therefore identify the photon-X mixing parameter
gXA, defined via Eq. (A.11), as gXA =
√
2e
g m
2
XaX , aX =
(1, 13 ,−
√
2
3 ). The X − VB mixing Lagrangian is
L ⊃
√
2
g
V µB
[
(−κe)m2ρ ρµ + 13 (2gB − κe)m2ω ωµ
−
√
2
3 (−gB − κe)m2φ φµ
]
. (A.14)
The X − VB mixing parameter gXV is thus gXV =√
2
g m
2
XaX(cXgB − κe), where aX = (1, 13 ,−
√
2
3 ), cX =
13
(0, 2,−1). We then obtain the branching ratio for X → χχ¯ given
in Eq. (9) in the main text:
Br(X → χχ¯)
Br(X → ee¯) =rχ
(
cX
gB
e
− κ
)2 (gBqB
e
)2 m4X
(m2X −m2V )2 +m2V Γ2V
(
1 + aχ
m2χ
m2X
)(
1− 4m
2
χ
m2X
)1/2
, (A.15)
where rχ = (1,
1
4 ), aχ = (2,−4) for a Dirac fermion and
complex scalar DM. We have taken gF = gS = gBqB for
the DM coupling to VB .
Appendix B: DM-nucleon scattering
The computation of the DM-nucleon scattering cross
sections follows the analogous computation for neutrino-
nucleus scattering (see e.g., [92]) and utilizes the hypoth-
esis of partial conservation of the axial current (PCAC).
We consider the process χ(p) + N(k) → χ(p′) + N(k′),
where N = p, n, and begin by writing the quark vector
currents in terms of U(3)f flavor currents:
Jµ3 = q¯γ
µλ
3
2
q =
u¯γµu− d¯γµd
2
,
Jµ0 = q¯γ
µ λ
8
2
√
3
q =
u¯γµu+ d¯γµd− 2s¯γµs
6
,
JµS = q¯γ
µ
(
− λ
8
2
√
3
+
λ9
2
√
6
)
q =
s¯γµs
2
, (B.1)
where qT = (u, d, s) and λa are Gell-Mann matrices. The
couplings of VB to the light quarks are
L ⊃ V µB (guu¯γµu+ gdd¯γµd+ gds¯γµs)
= V µB
[
(gu−gd)J3µ+3(gu+gd)J0µ+2(gu+2gd)JSµ
]
, (B.2)
where we have defined gu = gB/3− 2κe/3, gd = gB/3 +
κe/3. The matrix elements of these currents between
external nucleon states are:
〈k′|Jµ3 (0)|k〉=U¯(k′)
[
γµF
(v)
1 +
iσµνqν
2mN
F
(v)
2
]
σ3
2
U(k),
〈k′|Jµ0 (0)|k〉=U¯(k′)
[
γµF
(s)
1 +
iσµνqν
2mN
F
(s)
2
]
1
2
U(k),
〈k′|JµS (0)|k〉=U¯(k′)
[
γµFS1 +
iσµνqν
2mN
FS2
]
1
2
U(k), (B.3)
where the nucleon spinor are UT = (up, un). The form
factors in Eq. (B.3) are functions of the momentum trans-
fer Q2 = −q2, with q = k′−k. The isovector and isoscalar
form factors F
(v,s)
1,2 are related to the Dirac and Pauli form
factors F p,n1,2 via
F
(v,s)
1,2 = F
p
1,2 ∓ Fn1,2, (B.4)
which are in turn related to the Sachs form factors,
F p,n1 =
Gp,nE + τ G
p,n
M
1 + τ
,
F p,n2 =
Gp,nM −Gp,nE
1 + τ
, (B.5)
where τ ≡ Q2/4m2N . The Sachs form factors are param-
eterized as:
GpE(Q
2) = GD(Q
2),
GnE(Q
2) = 0,
GpM (Q
2) = µpGD(Q
2), µp = 2.793,
GnM (Q
2) = µnGD(Q
2), µn = −1.913,
GD(Q
2) =
1
(1 + Q
2
M2 )
2
, M = 0.843 GeV. (B.6)
The experimental determinations of the strange form fac-
tors are consistent with being equal to zero [87]. Using
the expressions above, we can compute the matrix ele-
ment of the current given in (B.2) between external nu-
cleon states,
〈k′|Jµ(0)|k〉 = u¯N (k′)
[
γµF˜1,N +
iσµνqν
2mN
F˜2,N
]
uN (k), (B.7)
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where N = p, n, and the form factors are given by
F˜(1,2),p =
1
2
(gu − gd)F (v)(1,2) +
3
2
(gu + gd)F
(s)
(1,2) + (gu + 2gd)F
S
(1,2), (B.8)
F˜(1,2),n = −1
2
(gu − gd)F (v)(1,2) +
3
2
(gu + gd)F
(s)
(1,2) + (gu + 2gd)F
S
(1,2). (B.9)
With these ingredients, we compute the differential cross section for DM-nucleon elastic scattering:
dσχN→χN
dEχ
= αB q
2
B
F˜ 21,NA(E,Eχ) + F˜
2
2,NB(E,Eχ) + F˜1,N F˜2,NC(E,Eχ)
(E2 −m2χ)(m2V + 2mN (E − Eχ))2
. (B.10)
The functions A,B,C depend on the spin of the DM. For
the case of a complex scalar DM, we obtain
A(s) = 2mNEEχ −m2χ(E − Eχ),
B(s) =
1
4
(E − Eχ)[(E + Eχ)2 − 2mN (E − Eχ)− 4m2χ],
C(s) = −(E − Eχ)(mN (E − Eχ) + 2m2χ), (B.11)
while for a Dirac fermion DM, we obtain
A(f) = mN [E(E −mN ) + Eχ(Eχ +mN )]−m2χ(E − Eχ),
B(f) =
1
2
(E − Eχ)[2EEχ +mN (E − Eχ)− 2m2χ],
C(f) = 2(E − Eχ)(mN (E − Eχ)−m2χ). (B.12)
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